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INBTARILIYY IN D-C ARCS"

In the employment of d-¢ arvs for velding aad in arc furmeces for
melting of metals ane of the prime cogidarations is the stadility of the
arc. The dessign o the Nurmace or the exmcution of the welding xooecs 18
lixited by the canttzul processes necessery to maintain sstisfactory stabilivy.
Fram & practical standpoimt stadility means the constancy of beat input at the
place desirsd in the welding or aslting process 4ia which the arc is beimg weed.
From an electrical standpodxt the stability is oanifented Ly the oonstamcy of
current and voltage imput 40 the arc.

It 1s w1l knovm that aa cecillogrem of the voitage fNtom & 4-¢c welding
arc shows repid vwariations in voltage, wwually of raniom frequency and magnituds.
If the variations becams 400 excessive the avc viil gt aut of eomtral amd either
be ertinganished or 40 aa wmsatisfectory Job of welding. In any case the pex-
foomaoe and utility are greatly embanced if ths variations oc "oscillations®
orrent and voltage cen be reduced o elimirated. To achiove this goal there must
be ocbtained & Kawledges of tha basic causes =f the oscillations aad it was the
papaoss of the work reported bere w asocertaim this.

Accardingly, apparatus vas set up to maks similtanecus msesremmmts of

tha aanillatione ~f mrrvewd woldeas 1004 ond cof 40 45 2.5 a5 amd W

oxcrelate the results with those ccutrollable pearemetere which might lead to &
betier ndarotanding of the fundamectal processes imvaolvad., Ry means of a 4ml
boam ocscellioscope it wvas poesidble to make & direct camparison of any two of the
above {ypes of csciliations.

I3 vas foumd that the osolllations were of two types (1) high frequemay,
high amplituds cscillations coouwrrimg at currents above about 13 emperes amd



(2) 1o frequemay, low ssplitode csaillstiong of & vy miform EEiuee —orering
e arcents bYolow 1% emperve. BResulis chminsd fram our studiss o€ the ik
frequeniy 0scillaticas vare Sesirided 1A the paper “The Hissimg Arc sad Bedio
Frogenay Self-Gemssrted Oscillatioms in the D-C Carbom Are” buy B. §. List aml
2. b Jomes viich was [Tesected ad ihe Areriocsn Imstitute of Klectricnl Bagiasers
™ird Conference om Klootric Velding at Detradt, Michigua, Apwidl 1£6-i5, 19%2.
T™he (aper was stheequantly published by the ATXZ ia their Pwblicaticm 85
Keotwis Arc snd Besistamoe Weldimg-ITX, p. 209-218, Octcber, 1952. It we
also plished by 4he AIER in Electrioal Englmoering, Yoi. T2, Bo. 8, p oB3-
690, Mmgust, 1953. Betrintr of this pfeper wise isclndsd in Teche'sal Repwrt
BExbar 2 - “The Klectriocal Btebility Of Righ Curiomd 4rve In Adr And Iz Comwrollod
Gesecnc Mictures”, December, 1952.

Begsulte of the studiies of tim ilov freoe=iy ascilletic's weTo desaribnd
1a the paper "Lov-Frejusmcy Self-Genesmtcd Osci’latioms $n the DL Cezbew Arc™ by
B. H. List and 7. B. Jonoe. This peoer vas Tescube’ 2% the 1953 Winter Cenernl
Mesting of shw ‘emricen Destitute of Kleotrioal Anginesrs axl was publianed by
e i i Mlestrioal Emgincering Yal. TR, . 7, Jly, -9%3, p. AA-019. A
reprind of this pilication is attached beretc axi xade 2 pars of this raport.

The princirel contiugions fxon tha low fDequency stviies axe a8 follows:

1. A Btudy of the d.c ms ix alr at accwnl toparatures axd ressures
betveen solid carbon elsatrodss lms disclocad the presence of
symwiricel, unifau cscillations of axrest, voliags, 1{ght, and
aomd seoniing &t GuEseav vaiues juss Delow the hiesing stags.

2. The osoillnticms are af lai Orequency in the rangs 90 to 400
ayalas.

3. The cselllnatione ocoxx with bigh miformity caly after ths ancde
tip has atteinsl 1ts sheuvsta-istic shape.

. 3% frequamny of the caoillutions is affocted hy the seterind,
Giammter, and separution of the cleclrode:s and by the &xe
cwrrent, but not by reaciast: rreoeet in the pownr syply.

5. The oscillatvicys e cmised Ly rotation of the anodz apot about
the periphory of e s3odc dus Lo tha proesmes of aa wwyastrial
meguetic fiald csuzed by W 2% urent itsell at the snoda surfeco,
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e aaude spot aad the
inflaemoe of ths c'e am mgnetis wuw
mve a diyeet bearing aa e ixitiation of Abe

I% 15 sesn Tt (g maic ceuse of Lotk the low fregmmay sad high
reancy cacilinsics 13 wEAs ™ ~ the anode spot across the srface of &=
emsde Qus to the arce oM Wgoetio fisld 1a cambimtica vith ths metarel ’
rxligstion o the adactrode Nwe. This wroocess is Luborent in the arc
{tpell i 1 ia 20 way Oomoermed vith the axtexmal electrical circuit swgolyisg
power to the arc. It 45 S5 uposed thet iis 1s W0 mly cuse of ingtadbility
in the d-0 arc dat it is velieved b0 be ces of tho moxe lmportant amd basis sGTves
o ceiligtioms. This wark has therefore isclated cae prime eoxroe of imstadility
ol “piapointed” it to \he smcde spob as affested Ly the arcs am mgnetis fleld,
Tris contridution to the fuadamextal nowledgs of the arc ahould be cf assisimsce
%0 those ¥ho &re sowXing 90 improve its swmbility in ite maxy ayplicetious.
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& Low-Frequency Self-Generated Oscillations
in the D-C Carbon Arc

T. B JONES

MEMBER ALEF

ship of the Othce of

NavalResearch, the De-
partment of Eleetrical Engi-
necring of Johns Hopkins
University has been conduct-
ing a study of the funda-
mental properties of the d-c

-
——
@' NDER THE sponsor-

A study of the fundamental properties of the
d-c arc was undertaken starting with very low
currents of 1 ampere or less and gradually in-
creasing the current. Simultanecous observa-
tions of the variations in voltage, current, light,
and sound produced by the arc were correlated
with those controllable parameters in an attempt
to understand better the basic processes in-

Finkeinburg,? in which many
important aspects of the car-
bon arc have been analyzed.

The studies to be reported
here werc made with solid
projector-type carbons with
anode and cathode of thesame
size and mounted with their

arc. Particular attention has
becn given to arcs of higher
current (10 to 200
ampcres) at aunospheric pressure. such as occur in weld-
ing, searchlights, circuit breakers, and so forth.

it long has been known that the voltage across such arcs
is not always a steady d-c valne.  In many cases, partientarly
i welding operations, it is subjecct to wide random varia-
tions even though the voltage of the source supplying power
to the arc remains perfecty steady.  In the case of the car-
bon arc, the familiar ““hissing arc” has been the subject of
wide controversy and its mechanism is still in doubt.

In view of the importance of this bhehavior on the stability
and wtility of the arc, it was felt that a careful investiga-
tion of its nature was warranted. 1t was felt, also, that an
understanding of the variations night lead to a better
understanding of the basic arc processes for all types of arcs.

values

PLAN OF THE RESEARCH

HE PRIMARY PORTION of the studv wis devoted to the

carbon arc, since variations in voliage and current
occasioned by material transfer, such as occur in metallic
arcs, would not be present with carbon clectrodes. A
scarch of the literature disclosed that one of the first thor-
ough studies of the carbon e was made by Ayrton!
before 1900, More recent stuchies hive been reported I
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Figure 1. Diagram of apparatus for study of oscillations
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volved.
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axes in line. It was felt that
this arrangement, while in
some respects more difficult to
work with, wonld {end itself more readily to analysis. The
plan of rescarch was to start at very low currents {1 ampere
or less) and gradually increase the current to the hissing
stuge and beyond. At the samc time, it was planned to
make simultancous observations of the variations (here-
after referred to as “oscillations™) in voltage, current, light,
and sound prodnced by the arc and corrciate the results
with: those controliable parameters which might lead to a
better understanding of the basic processes invoived.

EXPERIMENTAL APPARATUS

Du MoxT type 279 dual-beam  oscilloscope was used
4 X 10 view simulteneously anv two waveforms. The
voltage wavcforms were projected directly on the oscillo-
scope and a specially designed noninductive shunt was used
to producc the voltage drops corresponding to the current
waveforms.  Light oscillations were dctected by means of
a Radio Corpuration of Amcrica 93/-4 phototube and
sound osciliations were detected by means of a crystal
microphone.

A 24inch Navy Searchlight Chainber was used to en-
close the arc for the studies in air.  Average values of volt-
age and current were recorded wn Esiciiine Angus recording
meters.

A General Radio sonnd analyvzer type 760-4, with vange
extender as described by Cobins and Curry,! was used to
measure the frequency of the oscillations up to about 1
megacyele.  The measuremeit of the high-frequency oscil-
Litions covering the range above 1 megacyvcle was made
asing Hallicrafter superheterodyne radio receivers.

The measurement of are length was made on an image
of the arc magnitied optically cight times and projected on a

Revised text of a conference paper presented av the AIEL Wintse General Meeding,
New York, N Y., Jannawy 12 23, 1953 and recommended foe publicaton by ahe
MIY Concnntee on Llcotae Weldhng.

Thic articke is L'act Eof i series of two aricdes on selt-generatal owillations in the d-c
cabonare. Iare 4L CThe Hisang Are and Rahw-Frequeney Osciflatons” well ap-
pear i o anbsenuent isoe.

8. H. List 1. with the Bavielle Memonal Instizute, Columibng, Ohio, and T, R, Jones
1o atsniate professar ol electrical enginsering, Johns Hoplons University, Balinmoae, Mo

Ihe antbairs wish 1) achielediee 1he adhace aiel eneom agement givea them by Iy,
W I Kouwenhoven, Dean nt the Schoni of L.ngmeening. Johns tlophins Univerany
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calibrated scale. The arc length was dcfined as the
mirimumn distance between the anode and cathode.

Power was supplied from a bank of Exide storage bat-
teries capable of supplying 150 amperes at 100 volts for 8
hours. A schematic diagram of the apparatus arrangement
is shown in Figure 1.

EXPERIMENTAL RESULTS

WlTu SOLID CARBON ELECTRODES, 1t was tound that if
the current was increased slowlv from very low values,
by varving the external resistance of the circuit, there oc-
curred a critical valuc of current at which oscillations of
voltage, current, light, and sound were produced by the arc.
These oscillations occurred at current values just below the
hissing point and were of a low frequency, 0400 cycles.
They occurred over a verv narrow current range under
certain conditions of electrode shape.  Since these low-
frequency oscillations occurred in the quict state of the
arc, as contrasted with the hissing-state characteristic of
higher currents, they were designated as *‘quiet oscillations,”
and will be referred to as such hereafter in this article.
When the current was increased, the frequency of the quiet
oscillations incrcased ur.iil a currert was reached at which
the arc began to hiss.  The low-frequency oscillations then
were displaced by the higher-frequency higher-amplitude
random fluctuations which are characteristic of the hissing
arc.

It was felt that a careful study of the quiet oscillations
should be made since an understanding of their mechanism
would provide a good groundwork for an analysis of oscil-
lations in thc hissing stage and bevond. Consequently, the
remainder of this article will present the results of an analy-
sis of the quiet oscillations; thc results of studies made on
the hissing arc and the high-frequcncy oscillations asso-
ciated therewith are scheduled to appear in a subsequent
issue.

Thc quiet oscillations were found to be superimposed on
the steady d-c waveforms of current and voltage. The
oscillations were of ncarly sinusoidal wavcform and were
smooth and continuous as contrasted to the waveforms of
voltage extinctions dcescribed by Finkeinburg®. The first
point of study was to dectermine if the frequency or occur-
rence of the vscillations wa: connected in any way with the
inductance or capacitance associated with the cxternal cir-
cuits supplving power to the arc.
tance and capacitancc were coanccted both singly and in
" combination across the arc, and ind:ictancc was conrected
in serics with the arc.  Nonc of these reactances affected the
oscillations cither in frequency, waveform, or any other
characteristic.

Various values of indue-

VOLTAGE OSCILLATIONS

I'r was FOUND that, for 2 given size clectrode and given arc
length, the frequency of e voltage oscillations increased
as the current wars incrcased up to the point at which the
arc began tu hiss. Then the quict oscillations were no
longer observed. The relations between the frequency of
the voltage oscillations and the value of are current for sev-
eral vialucs of arc length are shown in Figure 2 for electrodes
of 9-millimeter (3/8-inch) diameter.  Figure 3 shows the

Figure 2. Correla-
tion between meas-
ured and calcu-
lated values of fre-
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oscillations for 3/8- /
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Figure 3. Meas- a 14°DIAM /W
ured variadon of §™ / 4
frequency of quiet E / vz
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current for 3/40- ém y e
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relation between oscillation frequency and arc current for
an arc length: of 3/40 inch and for three different diameter
clectrodes. It is seen that both electrode size and arc
length have an effect on the frequency of the oscillations.

The arc was started in cach case with the anode flat as
shown in Figure 44. After the arc had burned about 5
minutes at the arc length and current at which measure-
ments were to be made, the electrodes assumed the shape
shown in Figure 4B. Until the anode had reached the
form shown in Figure 4B, no oscillations of a stable nature
could be obtained. However, aftzr the electrodes reached
that shape, the oscillations weirc relatively stablc and the
electrodes maintained this shape. The frequency in-
creases as the arc current is increaced as shown in Figure 3,
but the rate of increase becomes less as the diameter of the
clectrodes increases. The amplitude of the oscillations in-
creases as the currcnt is increased up to a value of about 3
volts, at which point the arc begins to hiss.

CURRENT OSCILLATIONS
£ NMNIRRENT OSC

iraTions of the same frequency and wave-
form, but 180 degrecs out of phase with the voltage
oscillations, werc found to be present. A series of photo-
graphs of voltage and current oscillations, taken with a
Leica 35-millimcter camera from the Du Mont dual-beam
oscilloscope, is shown in Figure 5. Thesc oscillations cc-
curred In an arc with 9-millimeter-diameter clectrodes,
3/40-inch arc length, and currents ranging from 9 to 12
amperes.  The photographs show clearly that there is a
180-degrce phase shift Detween the vc’tage and current
ascillations.  This 180-degree phase difference between
currcnt and voltaze oscillations is to e expected, since the
quiet oscillations take place on the negative resistance por-
tion of the voliage-current characteristic of the arc.
Figure 6 shows the approximate variation of arc voltage
with arc current for 9-millimeter electrodes and various
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The curves show that a1 lew cur-

values of arc length.
rents, the voltage decreascs as the cnrrent is inercased;
that is, that thc arc bchavcs ]ikc a ncgativc r('s'i<l;ln(‘(‘ until

S hegins
to hiss and the arc vo]tag:, abruptl) drops 10 volts. A com-
parison of Figures 2 and 6 shows that the quict oscillations
occur in the current range just below the point at whicn the

arc Legins 10 hiss.
LIGITE OSCILLEATIONS

TGURE 7 stiows Iypical photographs of the voltage trace
-b (top) and the light trace ‘bottonn) for 9-mitlimeter clec-
trudes, 3/40-inch i
The three photographs were taken with the same current
and arc length, the only difference being the region of the
anode from which the light was taken.
taken with the phototube aperture focused on the edge of
the anode crater ai the top leoking at the cross section of
the arc (point 4 in Figurc 48). Figure 78 was taken with
the aperture focnsed on the edee of the in the

: length, and current about 12 anaperes.

Igure 74 was

crater

middie (point £ of Figure 48).  Figure 7C was taken with
the aperture focused on the cdge of the crater of the bottom
(point Cin Figurc 48). In Figure 74, the voltage and light
oscillations are almost exactly in phase. In Figure 78, the
light lags the voliage about 90 degrees, and in Figure 7C
the light s 189 degrees out of phase witn the voltage. This
variation of 180 degrees in phasc between the light and the
voltage oscillations was observed at all tinmes when the arc
was in the quict-oscillation rcgicn, and the light was ob-
served from the bottom of the anode.  The reason for this
phase shift will be explained later.  Figure 8 shows a series
of photographs taken at the bottom of the anode crater for
the same conditiuns of electrode size and arc length, but
with increasing values of current.  Figure 80 was taken at
a current just below the hissing point.  Both the voltage
and light waveforms have changed from periodic waves to
randotn variation. At a slightly hizher current, the arc
begins to hiss, Figure 8£.  The voltage waveform now ap-
pears as a high-frequency hash on the scope while the light
oscillations appear as random fluocmations.  The ampli-
tude of the hissing voltiage measured on the scope was about
10 vohis and was independent of the current.

HIGH-SPLELED MOTHON PICTURLES

Hu;u-svnen MOTION PICTURES, 3,000 fraimes per second,
were tiaken to determine what effects were taking
place in the arc during the quict oscillations.  An Eastman
Kodak high-speed camera was used with Super YX film
with an aperture of f8 and a red filter, Corning number
2418, The red filter was used to accentuate the effects at
the anode surface and suppress the light from the column,
which is predominant!y blue  The film showed clearly the
rotation of a bright spot of light around the outer circum-
fecrence of the anode crater. A neon timing light built into
the high-speed camera was used <o provide a 1/120-second
timing pulse on the film  The frequencey of rotation of the
spot thus could be determiined.
was found to be exactly equal 10 the frequency of the quiet
oscillation observed on the oscilloscope at the time the
motion pictures were taken.

The frequency of rotation

MECHANISM OF QUIET OSCILLATIONS

The high-speed motion
piciures show conclusively A conncction be-
tween the osciliations of voltage, current, light, and sound,
and the rotation of the anode spot. A possible cause of the
variation in arc voltage would be & variation in arc length
as the spot rotates around the anode crater. An analysis
of Figure 48 shows that such a variation in arc length
exists, and that the difference inaic iength berween top and
batiom is the order of 1744 inch.  Fo determine whether
variatious in uarc length can account for the variations in
arc voltage, it is necessary to determine the potendial gradi-
ent of the The potential gradient of the arc
colunmin can be determined from the data of Figure 6, and is
approximately 160 volts perinch. A variatien of 1764 inch
in arc length, therefore, would produce a chauge of 2.5
volts in arc voltage.  This is of the same order ol magnitude
as obtained from measurements of the voltage oscillations
Thus, the voliaee oscilla-

Explananon of Observed Results.
that twere is

colunin.

on the dual-beam oscilloscope.



tions appear to be caused by the rotation of the ancde spot
with a corresponding periodic change in arc length.  The
current oscillation would follow as a natural result of the
changes in voltage and the negativc resistance character-
istic of the arc.

The 180-degree phase shift of the light oscillations with
respect to the voltage across the anode crater now can he
explained. Figure 48 shows a scale drawing of the clec-
trodes as they appear when the arc is in the quict-oscillation
range. The arc length may be cither DA when the spot is
at the top of the crater, DC when it is at the bottom, or any
length between these values.  As shown in the diagram,
DC is less than DA. Suppose the voltage oscillations are
impressed upon one section of the dual-heam oscilloscope
and the light osciltations on thc other section, and the aper-
ture of the phototubce is focused on point A of the erater:
the voltage then will be a maxiniunt when the anode spot
is at point A.  One-ialf cyvcle fater, the anode spot will be
at point C. The voltage and light will be a minimum,
since the phototube is still focused on point .1, while the

Figure 6. Voltage-

/),
Y

current character- E’“ [ — 3‘\ !
() . i
istics of carbon arc | i
in air, 3/8-inch g | }
electrodes i {
O —i
3 0 (I 36
ARC CURRENT, AMPERE S
Voitoge
Light
A Light From Top of Anode
Figur= 7. Voltage
and Lght oscilla-
tion waveiorms for voltags
3/8-inch elec-
trodes, 3/40-inch Light
arc  length, 12
amperes
B Light From Middle ot Anode
Voltage
Ligh!

C Light Fruin Boltom of Anode

€ 129 onperes

Figure 8. Voltage and light oscillation waveforms, 3/8-inch elec-

trodes, 3/40- inch arc length

bright spot of light has moved. Hencee, the voltage and
light oscillations will be in phasc.  If the phototube aper-
ture is focused on point €, the voltage will be a minimum
when the spot is at €, but the light will be a maximum.
Onc-half cycle later, when the spot is at 4, the voltage will
be a maxiimum, and the light will be a minimum. Thus,
the voltage and light will be 180 degrees out of phase when
the phototnbe is focused on the bottom of the anode crater
and they will be in phase when the phototube is focused on
the top of the crater.  When the phototube aperture is
focused on the middle of the crater, the phase difference
will he 90 clectrical degrees.  This explanation is consistent
with Figure 7 which shows the voltage and light in phase
at the top of the crater, 90 degrecs out of phase in the middle
of the crater, and 180 degrees out of phasc at the bottom of
the crater.  The qguict oscillations, thercforc, are the result
of the rotation of the anode spot around the anode crater.

The cause of the rotation is now to be
It is known that a beam of electrons in a

Cause of Rotation.
determined.
transverse magnetie hickd will be acted on by a force which
will tend to move itin a direction perpendicular to both the
dircction of the ficld and the direction of the beam.  Such
a motion will be circular.  The arc current can be con-
sidered to be a concentrated beam of electrons and ions,
I fhie conceatration of ckectr
particutarty  targe near the anode. When the current
enters the anode spot which is small in comparsion with the
anode crater, the current will tend to spread out to formn
ltow lines as shown in Figure 4. Such a distributicn of cur-
rent as in Figure 4 will produce a transversc compoaent of
magnetic ficld at the erater sieface.  Thus, there wili be a
tendeney for the are cohimn to rotate. The strength of
the magnetic field will depend upon the value of the curreat
aned the degree of dissymnetry present at the anode crater.
With an cleetrode which was cut with a perfecdy flat face
perpendicular to the clectrode axis, there would be no
rransverse component of magnetic field, as in Figure 4.4.
This fact explains why there are no quiet oscillations when
the arc is first started with flat electrodes, and why the
oscillations hecome more and more firmty esiablished as the

as. ! On3 18
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electrodes burn so as to atiain the final shape.  The shape
of the anode is the critical factor, and the shape of the
cathode tip seems to mzke no difference.  The oscillations
will occur with a flat cathode and an anode which has
burned to the shape shown in Figure 48. The anode at-
tains this shape as a result of the fact that the heat rises by
convection and causes more rapid burning at the top of the
clectrode.

Effects of External Frelds. 1n order to determine the effects
of various types of magnectic fields on the oscillations, sev-
cral experiments were conducted.  The are was burned in
the presence of an externai radial magnetic field.  When
the external field was in such a direction as to add to the
arc’s magnetic field, quiet oscillations and hissing occurred
at a lower curient than without the ficld.  If the magnetic
ficld were reversed so as to oppose the arc’s field, quict oscil-
laticns and hissing occurred at a higher current than with-
out the field.

The effect of an axial magnetic ficld was to increase ihe
ammplitude of the quiet oscillations without affecting their
frequency.  The amplitude of ihe quiet oscillativns in-
creased Hacarly with magnetic-field strength.

The effcct of a transverse magnetic ficld was to increase
the frequency of the quict oscillations with no effect on the
amplitude if the external ficld were in such a direction as
to aid the transverse cemponent of magnetic field pro-
duced by the are.  If the external transverse field were re-
versed, so as to oppose the field produced by the arc, the
frequeney of oscillation decreased as the field was increased.
These studies show clearly that a magnetic field has sig-
nificant effect on the quict osciilations and actually can
cause them to socur at currenis below which they would
occur normally. This serves to substantiate the expla-
nation of the cause of the vseiilations given previously.

THEORETICAL EXPLANATION OF QUIET GSCIHLLATIONS

r I VHE DETERMINATION OF an cmpincal relation between
the frequeney of oscillation and the arc current was

desired.  Such a determination can be made by naking
several assumptions which have been fairly well established
in the arc field. Considering that the arc column is essen-
tially a concentrated beam of electrons, such that it can be
thought of as a cylinder rotating through the arc atmos-
phere, the following equation was developed:

S=CI™* ) Ril,

where € and n are constants depending upon the electrode
diameter; [ is the arc current in amperes; R is the radius
of the arc column; r is the radius of rotation of the anode
spot; and /s is the arc length.

The comparison between the measured values of the fre-
quencics of the quiet oscillations and the calculated values
from this empirical equation are shown in Figure 9, for
three sizes of clectrodes.

Tests With Other Types of Electrodes.  Attempts were made
to obrtain quiet oscillations with electrodes other than the
National Carbon Company solid projector carbons used in
all the work thus far reported. No other electrode pro-
duced oscillations as stable as those with carbon. Graph-
ite electrodes produced hissing with no noticeablc region
of quiet oscillation before hissing began. Copper, alumi-
num, and tungsten ¢lecirodes showed a region of voltage
fluctuation before hissing began, but there were no stable
oscillations that could be studicd as in the case of carbon.

CONCLUSIONS

Tus RESULTS of this research may be summarized as
foliows:

1. A study of the d-c arc in air at normal teinperatures
and pressurzs between solid carbon electrodes has disciosed
the presence of symmetrical, uniform oscillations of current,
voltage, light, and sound occurring at current values just
below the hissing stage.

2. The oscillations are of low frequency in the range
50 to 400 cvcles.

3. The oscillations occur with high uniformity only
after the anode tip has attained its characteristic shape.

4. The frcqueney of the oscillations is affected by the
material, diameter, and separation of the elzctrodes and by
the arc current, but not by reactance present in the power
supply.

5. The oscillations are caused by rotation of the anode
spot about the periphery of the anodc due to the presence
of an unsvinmetrical magnetic field caused by the arc cur-
rent itself at the anode surface.

6.  An empirical equation has been developed to express
the frequencey of the oscillations as a functien of current
and cleetrode parameters.

7. iuis believed that ihe behavior of the anode spot and
the influence of the are’s own magnetic field as reported
here have a direct bearing on the initiation of the “hissing™
arc and on its characteristies.
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